The study aimed to identify the underlying differentially expressed genes (DEGs) and mechanism of macrophage-enriched rupture atherosclerotic plaque using bioinformatics methods.
Introduction
Atherosclerosis, the most common vascular disease, is the main cause of death of 17.5 million people annually 1) and read using affy in R package 9) (Version: 1.50.0, http://www.bioconductor.org/packages/release/bioc/ html/affy.html), and subsequently processed using the robust multi-array average method 10, 11) , including background correction, normalization, and expression calculation. Furthermore, probes were annotated using the annotation profile provided by the platform, and unmatched probes were discarded. For multiple probes matched to one gene symbol, the mean values of probes were calculated as the final expression of the gene.
Identification of DEGs
After processed, DEGs between groups were screened out using the Linear Models for Microarray (LIMMA; Version: 3.30.3) affy in R package 12) . q-value between gene expressions was determined using the T test and adjusted using Benjamin Hochberg (BH) method. Those genes with the cut-off criteria of q-value 0.05 and |log2 fold change (FC)| 1 were considered as DEGs.
Functional and Pathway Enrichment Analysis
The Gene Ontology (GO) term 13) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 14) pathway enrichment analyses of DEGs were performed using the online tool of the DAVID, version: 6.8) 15) with the thresholds of count ≥ 2 and p-value 0.05.
To observe the function of DEGs visually, the ClueGO plugin (Version 2.2.6, http://apps.cytoscape. org/apps/ClueGO) 16) of Cytoscape software 17) was used to visualize GO biological processes (BPs) and KEGG pathways enriched for up-and down-regulated DEGs under the threshold of p-value 0.05.
PPI Network Analysis
Based on the Search tool for the retrieval of interacting genes/proteins (STRING) 18) online database (http://string-db.org/), PPIs among DEGs-encoded proteins were predicted with the threshold of PPI score (medium confidence) ≥ 0.4. Then, PPIs were visualized using Cytoscape software (version: 3.2.0, http://cytoscape.org/). The degree centrality, a network topology index, was used to analyze the scores of nodes in the network. The nodes with higher degree played an important role in PPI network, and might be key nodes. Nodes represent proteins encoded by DEGs, and degree is considered as the number of protein interaction pairs of a certain protein.
Subnet Module Analysis
Proteins produced by genes in the same module tend to have the same or similar function, and they act as a module to function in a same biological role. Using the plugin of MCODE (Multi-Contrast Delayed involved in the rupture of atherosclerotic plaques are complex and not fully characterized.
Multiple gene expression studies have been performed between whole plaques and normal tissue. For example, visfatin is reported to function as an inflammatory mediator, which mediates destabilization of atherosclerotic plaques 5) . The formation of AS plaques can be inhibited by PRDM16 via enhancing the function of periaortic brown adipose tissue 6) . It has also been reported that the balance between inflammation and fibrosis plays a key role in the transition of atherosclerotic plaques from stable to rupture-prone 7) . A recent review study summarized that inflammation also promotes plaque calcification to regulate the progression and regression of atherosclerosis 8) . To further reveal the mechanism of macrophage-enriched plaque rupture, a transcriptome dataset numbered GSE41571 was deposited by Lee et al. , and it has revealed that FABP4 and leptin were significantly elevated in rupture atherosclerotic plaques, indicating that down-regulated adipocytokine/PPAR signaling might be a promising therapeutic potential for AS 3) . However, the potential regulatory mechanisms of transcription factors (TFs) and miRNAs involved in the progression of rupture have not been revealed.
In the current study, the dataset of GSE41571 was re-analyzed using bioinformatics methods, including differentially expressed genes (DEGs) screening, functional enrichment analysis, protein-protein interaction, and the regulatory relationship prediction between transcriptional factors (TF)/microRNAs (miRNAs) and DEGs. With these analyses, we hope to identify new insights for the understanding of macrophage-enriched ruptures in atherosclerotic plaques.
Materials and Methods

Data Resources
The mRNA expression profiles of GSE41571
3) (human), which was assayed on the platform of GPL570 [HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array chip, were obtained from Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm. nih.gov/geo/query/acc.cgi?acc=GSE41571). A total of 11 macrophage-rich regions of carotid AS samples, including six stable samples and five ruptured samples, were isolated from patients undergoing surgery of the carotid artery stenosis at the Regional Neurosurgical Center, Newcastle-upon-Tyne. The Local Research Ethics Committee authorized construction of this dataset, and informed consents of all patients were obtained.
Data Preprocessing
The raw data of CEL profiles were downloaded work was visualized using the Cytoscape software.
Prediction of TF-Target Regulatory Networks
Based on TRANSFAC and JASPAR database, regulatory relationships between TFs and targeted-DEGs were predicted using Enrichr, and the TF-target regulatory networks were visualized by Cytoscape.
Results
Identification of DEGs
A total of 268 DEGs were identified in ruptured samples compared to stable samples, including 64 upregulated genes and 204 down-regulated genes (Supplementary Table 1 ). COL1A2 and PPBP were the Enhancement) 19) in Cytoscape, the most significantly clustered modules in the network were analyzed. The score of each module was calculated using the MCODE algorithm. The higher the score of the module presented, the greater the number of close interactions and enrichments it possessed. Furthermore, GO and KEGG functional enrichments of modules with score ≥ 3 and node ≥ 5 were analyzed using DAVID.
Prediction of miRNA-Target Regulatory Networks
Regulatory relationships between miRNA and targeted-DEGs were predicted using Enrichr (http://amp. pharm.mssm.edu/Enrichr/) 20) and adjusted by BH 21) followed by the super geometric test. With the threshold of q-value 0.05, miRNA-target regulatory net- COL1A2 and COL5A2) (Fig. 2B) , and mcode 3 consisted of twelve down-regulated nodes (e.g. ASPN) (Fig. 2C) . In total, 5 nodes (e.g. COL3A1, COL1A2, COL5A2) of mcode 2 were mainly enriched in the "ECM-receptor interaction" (hsa04512) pathway, and nodes in mcode 3 was only enriched in the "Protein digestion and absorption" (hsa04974). Whereas, no pathway related to the nodes in mcode 1 was enriched.
Analysis of miRNA-Target and TF-Target Regulating Networks
In the miRNA-target regulating network, 114 nodes were detected, including 100 DEGs (e.g. COL3A1, ASPN) and 14 miRNAs (e.g. miR21), and miR21 was highlighted with highest degrees. Among these nodes involved in the PPI network, 310 regulatory relationships were identified between miRNAs and down-regulated DEGs (e.g. miR21-ASPN), but no regulatory relationship was observed between miRNA and the up-regulated DEGs (Fig. 3) . One TF (TEA Domain Transcription Factor 2; TEAD2) was predicted to target 25 down-regulated DEGs (e.g. CCND1, BGN and COL8A1), and one TF (Spi-1 Proto-Oncogene; SFPI1) was predicted to regulate 10 up-regulated DEGs (e.g., PPBP) (Fig. 4) .
Discussion
In the present study, 268 DEGs were identified in ruptured samples compared with stable samples. Specifically, COL3A1 and COL1A2 were important downregulated genes, and PPBP was the most significant up-regulated gene in ruptured atherosclerotic samples. most significantly down-regulated and up-regulated genes in ruptured atherosclerotic samples, respectively. The Hierarchical clustering heat map of DEGs showed that these identified DEGs were well distinguished from the different kinds of samples (Fig. 1) .
Functional Enrichment Analysis
GO functional and KEGG pathway analyses revealed that the up-regulated DEGs were significantly enriched in GO BP terms of the 'immune response' (p-value 4.82E-05), 'inflammatory response' (p-value 0.001192) in GO BP, and 'Lysosome' pathway (pvalue 1.08E-04) and 'Cytokine-cytokine receptor interaction pathways' ( Table 1) . The down-regulated DEGs identified in ruptured atherosclerotic plaque were enriched in GO_BP terms of 'extracellular matrix organization' (p-value 1.44E-08) and 'cell adhesion' (p-value 3.32E-15), and the KEGG pathways of 'focal adhesion' (p-value 7.82E-06) and 'ECM-receptor interaction' ( Table 2) .
PPI Network Analysis
A total of 154 nodes and 322 interactional pairs were included in the PPI network. Among them, only eight genes with degrees ≥ 15 in the PPI network were found, including type alpha 1 chain (COL3A1), collagen type alpha 2 chain (COL1A2), LUM, ACTA2, SPARC, ASPN, GNAI1 and COL5A2. Further, three functional subnet modules (mcode 1, mcode 2, and mcode 3) were selected from the PPI network. Specifically, mcode 1 consisted of 1 up-regulated node (LCP1) and 6 down-regulated nodes ( Fig. 2A) , mcode 2 was made up of five down-regulated nodes (e.g. COL3A1, ing gene of the pro-alpha 2 chain of type collagen, which is a collagen to form fibril. Type collagen is the main component of the vessel wall and plays a key role in disease progression 29) . The content of collagen in atherosclerotic plaques and structural integrity of the fibrous cap are signs of plaque stability 30) . An unstable plaque that is prone to rupture is characterized by less collagen expression, a thinner fibrous cap, and a larger necrotic core 30) . In the current study, COL3A1 and COL1A2 were identified to be down-regulated in the macrophage-enriched rupture samples and interacted with each other. In coronary atherosclerosis, macrophages are reported to have cross talk between smooth muscle cells (SMCs), inhibiting the synthesis of MMPs and collagen proteins. This might be the potential explanation for the down-regulations of collagen related genes in rupture samples, but the in-depth mechanism for this crosstalk remains unclear. Improvement of plaque extracellular matrix (ECM) can enhance plaque morphology and stabilize lesions, indicating that change of ECM may be a potential new approach to improve atherosclerotic lesions [31] [32] [33] . In the current study, COL3A1 and COL1A2 were obviously enriched in the extracellular matrix organization and collagen fibril organization biological processes and focal adhesion and ECM-receptor interaction pathways. These findWith a high degree in the PPI network, ASPN could be targeted by miR-21. Both COL3A1 and COL1A2 were enriched in the extracellular matrix organization and cell adhesion biological processes. PPBP was mostly enriched in immune and inflammatory response-related biological processes.
According to previous reports, balance between macrophage and fibrosis performs a critical role in the stability of atherosclerotic plaques 22, 23) . Ma et al. have demonstrated that deletion of matrix metalloproteinase (MMP)-28 in the infarct region induces a reduction in the expression of COL1A1, COL3A1, COL5A1, and MMP-9, which are closely associated with the progression of fibrosis 24) . Among these genes, COL3A1 encodes the pre-1 chain of type collagen, which has been identified to be related to the thickened intima of atherosclerotic lesions 25) . Mutation of the COL3A1 gene is known to cause Ehlers-Danlos syndrome type (including rupture and stroke), which is related to early-onset occurrence of arterial ruptures 26) . Variants of COL3A1 are risk factors for coronary and the recurrence of coronary events and artery disease in an Irish population 27) . The decrease in transcriptional activity of COL3A1 results in reduced stability, rupture, and re-occlusion of small vessel plaques by reducing the production of type collagen 28) . COL1A2 is the encod- ASPN was significantly down-regulated in macrophageenriched rupture atherosclerotic plaques samples and predicted to be a target of miRNA-21. Asporin (ASPN) as a member of the small leucine-rich proteoglycan family, is a major non-collagen components of the ECM, and it has a possible role in calcification of collagen in atherosclerotic plaques 37) , speculating that the low expression level of ASPN may reduce the calcification of collagen in atherosclerotic plaques. Interestingly, it has been demonstrated that unstable (known as noncalcified) plaques undergo thinning of the fibrous cap prior to rupture, possibly as a result of macrophages releasing proteolytic matrix-degrading enzymes which may degrade the fibrous cap 38) . What' more, another excellent study have supported that level of miR-21 in non-calcified coronary plaque patients' macrophages ings indicated that down-regulation of COL3A1 and COL1A2 might promote rupture via altering ECM components.
In the present study, among the 14 predicted miRNAs, miR21 had the most targeted-DEGs in the miRNA-target regulatory network. miR21 is implicated to play an important role in progression of various diseases including cancer, osteoarthritis, cardiovascular diseases and inflammation 34) . Liang et al have highlighted that the proatherosclerotic genes COX2, VCAM1, ICAM1 and MCP1 are regulated by miRNA-21 in macrophages of atherosclerotic plaques, indicating the importance of miRNA-21 in the development of atherosclerotic plaques 35) . It also reports that miR-21 may promote inflammation underlying atherogenesis in VSMCs and macrophages 36) . In our study, . CXCL4, PPBP structurally related gene, may affect the differentiation of monocytes and induces a specific M4 macrophage phenotype, which is associate with plaque instability 44) . In addition, CXCL1, an important paralog of PPBP, is up-regulated in carotid atherosclerotic plaques 45) . Similarly, our result revealed that PPBP was significantly up-regulated in ruptured atherosclerotic plaque samples, and among all up-regulated DEGs, its express change was greatest. Moreover, PPBP was significantly enriched in the immune and inflammatory response-related biological processes, which might be owing to the increased accumulation of macrophages. Therefore, it is deduced that accumulated macrophages might promote the expression of PPBP, increasing the destabilization of the atherosclerotic plaque.
However, some limitations should also be strengthened in this study. First, all the findings contained in this study were obtained using in silico methods, and was higher than that in the coronary calcified groups, uncovering that miR-21 overexpression can enhance the instability of coronary atherosclerotic plaque in macrophages 39) . In consistent with our predicted regulatory pair, wang et al have suggested that ASPN may be regulated by miR-21 in the renal cortex of hypertensive patients 40) . Thus, it was speculated that miR-21 might play a role in calcification of collagen in macrophages of atherosclerotic plaques via regulating ASPN.
Pre-platelet basic protein (PPBP), also known as chemokine (Cxc Motif ) Ligand 7 (CXCL7), is a platelet-derived growth factor that belongs to the CXC chemokine family. Chemokines play an important role on atherosclerosis development through attracting circulating inflammatory cells and stem/progenitor cells 41) . PPBP in connection with CTAP-IIII and CXCL4 regulate neutrophil adhesion and transendothelial migration 42) . As reported, monocyte-derived CXCL7 can promote macrophages chemotaxis into the tumor micro- 
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the results experimental verifications were still deficient owing to insufficient tissue samples. Second, only small samples were included in this dataset, which might affect the values of these findings, or some other information might be ignored during these processes. Thus, a further analysis, combined experimental confirmation, and a larger sample size are required in future investigations.
Conclusions
In conclusion, findings in the current study demonstrated that the rupture of atherosclerotic plaques might be the result of imbalance between macrophages and fibrosis. Crosstalk between macrophages and SMCs may be involved in this process. Specifically, downregulated COL3A1, COL1A2 and ASPN, and up-regulated PPBP performed important promotional effects for the rupture of atherosclerotic plaques. Moreover, miR-21 was the potential up-stream regulators for ASPN and could serve as underlying targets for AS rupture prevention. These findings provide a theoretical basis for the future study of specific mechanisms of atherosclerotic rupture.
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